Effect of recoil on the velocity distribution of metastable atoms produced by electron impact by Pearl, John Christopher et al.
Volume 30A, number  3 P H Y S I C S  L E T T E R S  6October  1969 
s u p p o r t  p r o v i d e d  b y  h i s  F e l l o w s h i p  of St. J o h n ' s  
C o l l e g e ,  C a m b r i d g e .  
R~f~'c~ces 
1. J.  T. Dehn, Phys.  Le t t e r s  29A (1969) 132. 
2. R.V. Pound and G. A. Eebka J r . ,  Phys.  Rev. Le t t e r s  
4 (1960) 274. 
3. B.D. Josephson,  Phys.  Rev. Le t t e r s  4 (1960) 341. 
4. C. M~ller,  The Theory of Relativi ty (CLarendon P r e s s ,  
Oxford, 1952) p. 62. 
5. H. F auenfelder ,  The MSssbauer  effect  (W.A. Ben-  
jamin,  Inc., New York, 1963)pp.  20-21. 
6. Reference 4, pp. 48-51, 247 and 258-263. 
7. C.W. Sherwin, Phys.  Rev. 120 (1960) 17. 
E F F E C T  O F  R E C O I L  O N  T H E  V E L O C I T Y  D I S T R I B U T I O N  
O F  M E T A S T A B L E  A T O M S  P R O D U C E D  B Y  E L E C T R O N  I M P A C T  * 
J .  C. P E A R L ,  D. P.  D O N N E L L Y  and  J .  C. ZORN 
Randall Laboratory of Physics, University of Michigan, Ann Arbor, Michigan 48104, USA 
Received 3 September  1969 
We have shown both exper imenta l ly  and by a s imple  k inemat ic  a rgument  that  the veloci ty d is t r ibut ion  
in a beam of me tas t ab le  a toms produced by e lec t ron  bombardment  of ground s ta te  atoms deviates  s t rongly  
f rom the veloci ty  d is t r ibut ion  of the ground s ta te  a toms.  
T h e  v e l o c i t y  d i s t r i b u t i o n  of m e t a s t a b l e  a t o m s  o f t e n  e n t e r s  e x p l i c i t l y  i n to  t he  a n a l y s i s  of r e s o n a n c e  
[1] and  c o l l i s i o n  [2 ,3]  e x p e r i m e n t s  d o n e  w i t h  a t o m i c  b e a m s .  H o w e v e r ,  t h e r e  h a v e  b e e n  few d i r e c t  m e a -  
s u r e m e n t s  and  no c o r r e c t  t h e o r e t i c a l  d e s c r i p t i o n  of t he  v e l o c i t y  d i s t r i b u t i o n  in  a b e a m  of m e t a s t a b l e  
* R e s e a r c h  suppor ted  in pa r t  by the National Aeronaut ics  and Space Adminis t ra t ion.  
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Fig. 1. T ime-of - f l igh t  s pec t r a  for  hel ium. Points r e p r e s e n t  exper imenta l  data. Curves  a a r e  theore t ica l  accounting 
for  the angular  d ivergence  of the incoming,  ground s ta te  beam,  assuming  E -  E * = 0.75 eV. Curve b is theore t ica l  if 
recoi l  effects  a re  neglected.  
145 
Volume 30A, number 3 P H Y $ I C S L E T T E R S 6 October 1969 
a toms  fo rmed  in the common expe r imen ta l  a r r a n g e m e n t  where  ground s ta te  a toms  in a co l l imated  beam 
a re  exc i ted  by a t r a n s v e r s e  beam of e l ec t rons .  
In our expe r imen t  a pulsed e l ec t ron  beam is  d i r ec ted  at r ight  angles  (~ = 90 °) through a co l l imated  
beam of t h e r m a l  ene rgy  hel ium atoms.  The metas tab le  a toms are  detected [4] with an e l ec t ron  mul t i -  
p l i e r  (Bendix Channel t ron)  which can be ro ta ted  about the in te rac t ion  region in the plane defined by the 
incoming e l e c t r o n  and atom beams .  Samples  of data taken at two dif ferent  angles  0 (angles m e a s u r e d  
f r o m  d i rec t ion  of e l e c t r o n  beam) a re  plotted as points in fig. 1. Str iking f ea tu r e s  of these r e su l t s ,  when 
compared  with what would be found if r e c o i l  e f fec ts  were  negligible (curve b in fig. 1) include the narrow.  
ness of the d i s t r ibu t ions ,  the presence of two peaks, and the sensitivity to deflection angle of the pos i -  
t ion of the dis t r ibut ion.  
The p r inc ipa l  f e a t u r e s  of these d i s t r ibu t ions  can be unders tood f rom k inemat ic  cons idera t ions .  If the 
gas beam effuses  ideal ly  f rom a t he rma l  source  (most probable  speed ~), if the ground s ta te  beam is 
pe r f ec t ly  co l l imated ,  if the de tec to r  is  smal l ,  and if the e l ec t ron  sca t t e r ing  is  s -wave ,  then c o n s e r v a -  
tion of momentum and energy  d e t e r m i n e  the fol lowing veloci ty  d is t r ibut ion  for  the metas tab le  a toms in 
the plane of the incident  beams  
v2 v2+ exp (- v2+/o~2) + v 2_ exp (- v2/o t2)  
f(v) - V [V 2 - {(m/M)u o sin ¢ - v sin ( ~ - 0 ) } 2 ]  ½ (1) 
for  V m i  n < v < Vmax, where  
I 1 Vma x = ~ u  o s i n ~ +  V c o s e c ( C - 0 )  V < ( m u o / M )  s i n ~  (2) rain 
and 
- ~ / U  - V o + = V c o s ( ~ - O ) - ~ U o C O S ~ : ~ { V 2  [ ~  o s i n ~  v s i n ( ~ - 0 ) ] 2 }  ½ (3) 
1 
Here  V = [ 2 r e ( E - E * ) ] q / M ;  m and M a r e  the m a s s e s  of the e l ec t ron  and a tom re spec t ive ly ;  E *  is the 
energy  of the me ta s t ab l e  s ta te ;  and u o and E a r e  the speed  and kinet ic  energy,  r e spec t ive ly ,  of the in- 
cident  e lec t ron .  The d i s t r ibu t ionf (v ) ,  which is z e r o  outside the l imi t s  given in eq. (2), is in d i s a g r e e -  
ment  with functions p rev ious ly  p re sen ted  [7,8]. In the p resen t  expe r imen t  the de tec tor  subtends only a 
v e r y  sma l l  angle (A0 ~ 0 ° 8 ' ) ,  but the d ive rgence  of the incoming beam (A~ ~ 3 o) is significant.  A nu- 
m e r i c a l  in tegra t ion  of eq. (2) over  the beam d ive rgence  y ie lds  cu rves  a of fig. 1. 
The p resen t  study of ve loc i ty  d is t r ibut ions  in beams  of metas tab le  a toms should fac i l i t a te  the in t e r -  
pre ta t ion  of e x p e r i m e n t s  such as the f ine and hyperf ine  s t ruc tu re  m e a s u r e m e n t s  in 22Sx hydrogen [1,5], 
m e a s u r e m e n t s  of e l ec t ron  impact  exci ta t ion of n = 2 s ta tes  in hel ium [6], t ime-of - f l igh~  s tudies  of r e -  
puls ive  m o l e c u l a r  s ta tes  [7], and ana lys i s  of the kinet ic  p rope r t i e s  of s ingle  and mul t i -component  
ga se s  [8]. 
We a re  indebted to R $L Heppner,  E.S. F ry  and W. L. Wil l iams for  the i r  a s s i s t ance  and encourage-  
ment. The impor t ance  of ve loc i ty  d is t r ibut ions  to the m e a s u r e m e n t  of a tomic  fine s t r u c t u r e  was 
emphas ized  to us by R. T. Robiscoe  
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A kinetic equation is obtained for dilute polyatomic gases which is applicable to rapidly varying proces- 
ses. It constitutes a generalization of an equation derived previously by Waldmann and Snider, the 
latter being valid when the level spacing between internal states are sufficiently large. 
F r o m  the quantum mechanica l  BBGKY h ie r a r chy  equat ions for  the one and two pa r t i c l e  densi ty  oper -  
a tors  a n d  
Otp~l)(t) = - i L T )  p ~1)(t)- i  t r  r (Jut) p~2)2(t ) (1) 
2 v i i  
r (int) P~3)3(t) (2) a t p~2)(t) = - i L (2) p~22)(t) - i t r  ~12 /3  
12 3 
one der ives  the following approximate  equation of motion for the pa i r  co r r e l a t i on  function 42)( t )  = 
= .(2) ( t )  - ( t )  ~12 
Otg~2)(t)= - i L  12(2)-(2)'t'g12 t I - i Ll2--(int)o i l ) ( t )  p(21)(t) (3) 
Here contr ibut ions  f rom the t race  pa r t s  in (1) and (2) a re  neglected.  The Lio~?il le  opera tors  have the 
following mean ing :  L~ 1) is  der ived  f rom the free one par t i c le  Hamil tonian,  LI~' f rom the f ree  two p a r -  
t ic le  one. L(12) = L702 ) + L(~ t) contains in  addition the two par t i c le  in te rac t ion  potent ial  whereas  L(i.nt),. is  
re la ted  to the in te rac t ion  of the pa i r  (1, 2) with a th i rd  par t ic le .  Subst i tut ing the fo rma l  solut ion az/3 
L(2) 2) 7 t° 422) (t)-- exp[- i  12(t-to)]~2( to ) - i  ds exp[- i  Li22)s] L~2nt) p(1)(t-s) p(1)(t-s), 
0 
of eq. (3) into eq. (1) obtains : 
~12 t~o, 1 ~'1 ~ '  2 
,-to 
- f d s t r  e x p [ -  0 2 - 1 2  l ~ 1 2 s J L 1 2  Vl ~ -  2 
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